Purpose Recently, genomewide association analysis has revealed that the Tumor Necrosis Factor Receptor-associated factor 1-Complement 5 (TRAF1-C5) containing locus on chromosome 9 was associated with an increased risk for RA. Studies in model systems suggested that either gain-or loss-of-function TRAF1 mutations have immune effects that could plausibly lead to or exacerbate the arthritis phenotype. KRN/I-A g7 (KxB/N) is a genetic mouse model of inflammatory arthritis. We aimed to assess the impact of TRAF1 deficiency on KRN/I-A g7 mice. Methods We have bred KRN/I-A g7 mice onto a TRAF1-deficient background and followed cohorts for the spontaneous appearance of arthritis. We have also transferred KxB/N serum to B6.I-A g7 TRAF1KO recipients. In addition, systemic autoimmunity was induced through cGVH by injecting bm12 splenocytes into TRAF1KO recipient mice. Results TRAF1-deficient KRN/I-A g7 mice spontaneously developed severe, progressive arthritis, comparable to that seen in TRAF1-intact KRN/I-A g7 mice. However, the anti-GPI antibody titer was significantly lower in the former group. Interestingly, the TRAF1KO mice that had background levels of anti-GPI antibodies still showed severe arthritis, although with a brief delay compared to TRAF1 sufficient mice. In addition, TRAF1KO mice were fully susceptible to passive, serum transfer experiments. In another model of autoimmunity, TRAF1KO had no effect on cGVH autoantibodies production; nor was the response to an exogenous antigen impaired. Conclusion The pathogenesis of spontaneous KRN/I-A g7 arthritis can largely proceed by TRAF1-independent pathways. The production of anti-GPI autoantibody, but not other autoantibody or antibody responses, was markedly impaired by TRAF1 deficiency. The spontaneous arthritis model in KRN mice appears to be much less antibody dependent than previously believed.
Introduction
Rheumatoid arthritis (RA) is characterized by chronic inflammation and destruction of the synovial joints leading to progressive joint damage and disability. The disease pathogenesis is influenced by environmental and genetic factors.
The inheritance is multigenic [1] . Genetic studies, including genome-wide scans have mapped the human leukocyte antigen (HLA)-DRB1 [2] gene as well as several non-major histocompatibility complex (MHC) RA susceptibility loci, e.g. cytotoxic T lymphocyte-associated antigen 4 (CTLA4) [3] ; protein tyrosine phosphatase (PTPN22) [4] and tumor necrosis factor alpha (TNFα) [5] . A recent genome wide association analysis revealed an additional risk-associated genetic region, the Tumor Necrosis Factor Receptorassociated factor 1-Complement 5 (TRAF1-C5) containing locus on chromosome 9 [6, 7] . TRAF1 is a unique member of the TRAF family. The TRAF1 gene encodes an intracellular protein that mediates signal transduction. It contains a single zinc finger and a TRAF domain. Members of the TNFR superfamily, which lack a death domain and include TNFR-II, CD40 and CD30, associate with members of the TRAF family of intracellular signal transduction molecules [8] . Due to its widespread expression, the potential effects of TRAF1 may be receptor and/or cell specific and may potentially provide either enhancing or suppressing activities at different stages of arthritis [9] [10] [11] [12] [13] .
A variety of animal models of arthritis have been used in the past to gain insight into the pathogenesis of arthritis development [14] . Since 1996, the KRN/I-A g7 (or K/BxN) model has gained a great deal of attention, given that it occurs spontaneously as a result of a well-defined T cell and B cell autoreactivity to a single antigen [15] . The KRN T cell receptor recognizes glucose-6-phosphate isomerase (GPI) in the context of the NOD-derived H-2 g7 class II MHC molecule [16] . This immune recognition gives rise to anti-G6PI autoantibodies, which appear to be critical to the development of joint disease, as passive transfer of anti-G6PI antibodies can result in the appearance of transient joint disease [17] . C5 has been shown to be essential for development of arthritis in both the spontaneous genetic model and the passive-serum protocol for KRN arthritis [18, 19] . Curiously, C3 is essential only for the serum transferred disease, and not for the genetic model [20] .
In the current study, we have tested the role of TRAF1 in the KRN model. TRAF1-deficient mice were found to be fully susceptible to passive arthritis induced by serum transfer. KRN/I-A g7 hybrid mice that were TRAF1 deficient also developed severe joint involvement. Interestingly, many of them made no or little detectable anti-GPI antibody. The antibody negative mice showed a slight delay in the development of arthritis compared to antibody positive TRAF1 KO or WT mice. Other immune responses in TRAF1 KO mice were equivalent to that of WT mice for both the induction of IgG antibodies after immunization with an exogenous T-dependent antigen and the production of autoantibodies in a chronic GVH. These results implicate TRAF1 in the loss of B-cell tolerance to the particular GPI autoantigen. They also indicate that the role of antibody in the spontaneous KRN model needs to be reconsidered.
Methods

Mice
C57BL/6 (B6), B6.CgH-2 g7 -Tg (Ins2-CD80) 3 B7Flv/LwnJ (B6.I-A g7 ) mice were purchased from Jackson Laboratory (Bar Harbor, ME). B6TRAF1KO mice were developed in the Choi laboratory. KRN mice were originally obtained from Diane Mathis. The strain was maintained on the B6 background (B6KRN). Arthritis-prone mice that express both KRN and I-A were produced by crossing B6.I-A g7 females and B6.KRN males (KRN/I-A g7 F1). All mice were bred and maintained in the animal facility of the School of Medicine, University of Pennsylvania. The animal breeding, maintenance, and experimental procedures were carried out by the protocols approved by the Institutional Animal Care and Use Committee of the University.
Mouse Genotyping KRN TCR expression [21] and MHC II I-A g7 /MHC II I-Ab alleles [20] were typed by amplification of genomic DNA were from mouse tails.
Homozygous TRAF1 KO mice: PCR analysis was performed with two different primer sets. The 5′ primer sequence 5′-GGT ACA AGC GCA GGC ACA ACT TG and the 3′ primer sequence 5′-GCA TCC TTT GAT GGT ACT TTC were used to amplify a 1.2 kb fragment from the WT allele. The 5′ primer sequence 5′-CGG GAG CGG CGA TAC CGT AAA GC and the 3′ primer sequence 5′-GCT TGG GTG GAG AGG CTA TTC GG were used to amplify an 800 bp fragment from the KO TRAF1 allele. Each PCR was carried out in a volume of 25 μl with 1.5 mM MgCl2, 0.2 mM dNTP, 100 μM 5′ primer, 100 μM 3′ primer, and 0.15 unite of Platinum Taq polymerase (Invitrogen, San Diego, CA) and 1 μl of mouse tail digestion. The conditions for the WT allele PCR were: 1 cycle of 4 min at 94°C; 35 cycles of 40 s at 94°C, 30 s at 60°C, and 1 min at 72°C; followed by 7 min at 72°C. The conditions for theTRAF1KO allele PCR were: 1 cycle of 4 min at 94°C; 35 cycles of 40 s at 94°C, 30 s at 66°C, and 90 s at 72°C; followed by 7 min at 72°C.
Serum Transfer
Eight-to 16-week-old female B6 and B6.TRAF1KO mice received intraperitoneal injections (i.p.) of KRN/I-A g7 F1 serum 200 μL on day 1 and day 3. Ankle thickness and clinical index were evaluated as described below.
Mouse Arthritis Evaluation
Ankle thickness was measured at the malleoli with a caliper (World Precision Instrument, Sarasota, FL, USA). The clinical index of arthritis was scored on a scale from 0 to 4. Level 0, no redness and swelling of ankles or wrists; level 1, mild, but definite redness and swelling of the ankle or wrist, or apparent redness and swelling limited to individual digits regardless of the number of affected digits; level 2, moderate redness and swelling of ankles or wrists; level 3, severe redness and swelling of the entire paw including digits; level 4, maximally inflamed limb with involvement of multiple joints. The scores of all four limbs were summed.
Mouse arthritis was evaluated daily until the joint swelling reached plateau, then every other day until swelling was no longer present.
Mouse Serum Anti-GPI κ Chain Antibody Detection Serum anti-GPI κ chain antibodies were detected by solidphase enzyme-linked immunosorbent assays (ELISA). GPI was expressed from a his-tagged mouse GPI construct (obtained from Diane Mathis) in Protein Expression and Libraries Facility (Wistar Institute, Philadelphia, PA, USA). Polyvinylchloride flat bottom microtiter plates (Thermo Electron Corp., Milford, MA, USA) were coated with 5 μg/ml GPI in BBS (0.2 M borate buffed solution, pH 8.2) at 4°C overnight. Coated plates were blocked with BBT (0.5 % bovine serum albumin and 0.4 % Tween-80 in BBS) at room temperature for 1 h. The plates were washed three times with BBS after each incubation. Serum samples and controls were diluted in BBT, added to plates, and incubated at 4°C overnight. Mouse serum anti-GPI κ was detected with 25 ng/ml biotinylated rat anti-mouse κ (BD Bioscience, San Jose, CA, USA), followed by avidin-alkaline phosphatase in 1:10,000 dilution (Sigma-Aldrich, St. Louis, MO, USA). Each reagent was added and incubated at room temperature for 1 h following three washes with BBST (0.5 % Tween-80 in BBS). Phosphatase substrate 4-nitrophenyl phosphate (SigmaAldrich) at a concentration of 1 mg/ml in 10 mM diethanolamine was added and incubated at room temperature for 4 h. Optical density at 405 nm of each well was measured using a microplate reader (E-Max, Molecular Devices Corp., Sunnyvale, CA, USA). All reagents used in this ELISA were added to the plate at a volume of 100 μl per well. A laboratorypooled KRN/I-Ag7 F1 anti-GPI serum was used as experimental reference and positive control [22] .
Antibody Responses to Exogenous Antigen
To determine the antibody response to the T-dependent antigen ovalbumin (OVA), 4 week old mice were immunized intraperitoneally with 100 μg of ovalbumin precipitated with alum, boosted the same way at day 21 and bled at days 0, 7, 14, 21, 28, and 35. The magnitude of the antiovalbumin antibody response was detected by ELISA, as previously described [23] . Briefly, the OVA (100 μg/ml in BBS) was absorbed to 96-well plates overnight at 4°C. For κ chain, IgG1, IgG2c isotype determination, sera were diluted 1/500, 1/5000, and 1/1000, respectively, and added to the wells for overnight incubation at 4°C. Biotin-conjugated antibodies specific for κ chain, IgG1, IgG2c were added and incubated for 1 h at 37°C, followed by strepavidin-alkaline conjugate according to the manufacturer's recommendations (BD Pharmingen).
Experimental Chronic GVH Protocol
Chronic GVH was induced as previously described [24] . Briefly, donor bm12 splenocytes ( 1×10 8 ) were injected i.p. into TRAF1KO or WT recipient mice at the age of 12-16 weeks. Mice were bled serially for the following 9 weeks, and antichromatin antibodies were quantitated as described [24] Statistical Analysis
The levels of serum anti-GPI were analyzed with Soft-Max v4.5. and reported as EDF (equivalent dilution factor to standards). The data were presented as geometric means from each group of samples. Error bars represent SE of each group of data. Statistical significance (p value) was determined by Student's t test.
Results
Mouse Arthritis in TRAF1-Deficient KRN/I-A g7 Mice
We observed that KRN/I-A g7 F1 that were totally TRAF1-deficient exhibited pronounced joint inflammation of all distal joints of the paws at 4 weeks, similar to that seen in KRN/I-A g7 that had normal TRAF1 genes (Fig. 1) . In order to verify TRAF1 deficiency in these mice, disrupted TRAF1 allele was reconfirmed by PCR (data not shown).
In a longitudinal experiment, matched cohorts of TRAF1-deficient KRN/I-A g7 mice and TRAF1-intact KRN/I-A g7 were followed from weaning for clinical signs of arthritis and serum anti-GPI antibody production. The TRAF1 KO mice groups showed a modest (but statistically significant) delay in the development of arthritis between the ages of 3-6 weeks. Surprisingly, the anti-GPI κ chain antibody titers were much lower in TRAF1-deficient mice than in TRAF1-sufficient mice (Fig. 2) . If we divided the TRAF1KO mice into antibody responders and nonresponders, using an anti-GPI cutoff value >20 (= 2× the lower limit of detection), those mice with 0 or almost 0 titers accounted for all the observed delay in arthritis in the TRAF1 KO groups (Fig. 3a) . In addition, the levels of anti-GPI antibodies in some of the TRAF1KO nonresponders were completely indistinguishable from background levels in KRN -mice (data not shown). Those TRAF1 KO animals that made an anti-GPI antibody response developed arthritis equivalent to that of the WT mice (Fig. 3b) . Nevertheless, the appearance of anti-GPI antibodies in this TRAF1 KO responder group was delayed in comparison with the WT mice, and remained at substantially lower levels. Importantly, clinical disease was apparent in both TRAF1-sufficient and TRAF1-deficient groups at 4 weeks, at which time serum anti-GPI antibodies were not detectable, and actually peaked in most mice before the appearance of antibody in the serum. All mice in the non-responder group also showed severe arthritis, even though many of them never had any evidence of anti-GPI antibodies in their serum.
Passive Arthritis in TRAF1-Deficient KRN/I-A g7 Mice
Since TRAF1KO KRN/I-A g7 F1 mice had pronounced joint inflammation with significantly lower amount of serum anti-GPI antibodies, we tested the role of TRAF1 in the distal mechanisms of the KRN model by transferring 200 μL anti-GPI serum to B6.TRAF1KO.I-A g7 and B6.I-A g7 mice. The responses in both groups of mice were identical: inflammation was visible 24 h after first serum injection and attained maximal ankle thickness at nine days (Fig. 4) . The clinical index measurements were also consistent (data not shown).
Sera of all groups of mice were collected at 24 h after the second anti-GPI serum injection (day 4) and when ankle redness and swelling generally started to decrease (day 12). Figure 5 shows that the serum levels of anti-GPI κ chain were comparable in mice with or without TRAF1. This suggests that the half-life of the anti-GPI antibody is comparable in the presence and in the absence of TRAF1.
To determine the role of TRAF1 in antibody immune responses to a foreign antigen, we immunized TRAF1-KO.I-A g7 mice and I-A g7 mice with the T-dependent antigen ovalbumin. In addition, cGVH was induced by injecting bm12 splenocytes into TRAF1KO recipient mice. Figure 6 shows that TRAF1KO mice have normal κ chain, IgG1, and IgG2c anti-ovalbumin responses (Fig. 6a-c) , suggesting intact T cell help and intact immunoglobulin isotype switching in B cells. Figure 7 shows that TRAF1KO had no significant effect on cGVH autoantibodies production. Thus, the markedly decreased production of anti-GPI autoantibody in TRAF1 deficient KRN/ I-A g7 F1 mice was not part of a general defect in antibody responses.
Discussion
TRAF1 is an intriguing candidate as an arthritis risk gene [6, 7] . Studies have shown immune modulatory effects of TRAF1 on the innate and adaptive arms of the immune response that might potentially regulate onset or severity of arthritis [25] . In tg mice that overexpress TRAF1 in T and B cells, TRAF1 limits signaling via TRAF2. In TRAF1 KO, the hyper-responsiveness of T cells to TNF or antigen also suggests that TRAF1 negatively regulates signaling through TNFR2 and TCR [26] . Conversely, it has been reported that TRAF1 plays a key role in survival of activated and memory Fig. 3 The role of the anti-GPI response on the spontaneous development of arthritis in TRAF1-sufficient and TRAF1-deficient KRN/I-A g7 mice. TRAF1KO mice were divided into serological responders and non-responders, using an anti-GPI cutoff value >20. The ankle thickness and clinical score (not shown) of mice were quantitated from age 3 to 10 weeks. Anti-GPI antibodies levels were tested weekly. Shown are arithmetic means and SE. Open triangles represent non-responder TRAF1-deficient mice (N = 11), open circles represent responder TRAF1-deficient mice (N=9), and solid squares represent TRAF1-sufficient mice (N=18). The mice without antibody had delayed arthritis (a), while those animals that had antibodies had arthritis equivalent to that of the WT mice (b). However the antibody titers were relatively lower even in the TRAF1KO responders compared to WT (c; solid and dotted lines represent EDF value of positive and negative controls, respectively). *p<0.05 for comparison of two groups CD8 T cells via modulation of pro-and anti-apoptotic Bcl-2 family members [12] . Other recent data suggested that TRAF1 enhances TNFR2 induced NF-κB activation, thus acting as a positive regulator of TNF-signaling [11] . Thus, the various effects of TRAF1 may be receptor and/or cell specific and could potentially provide either enhancing or suppressing activities at different stages of arthritis. This complexity must be well understood if we are to realize the potential of TRAF1 as a therapeutic target.
Our study tested the effect of lack of expression of TRAF1 in animal models of inflammatory arthritis. The present findings indicated that the role of TRAF1 gene in KRN arthritis model is indeed complicated. In the spontaneous genetic model in KRN/I-Ag7 mice, the anti-GPI κ chain antibodies level was markedly lower in TRAF1-deficient mice than in TRAF1-sufficient mice. In fact 8/20 TRAF1 KO mice showed no detectable anti-GPI antibody response up until 10 weeks of age, when the experiment was terminated. If we divide the TRAF1KO mice into responders and non-responders, using an anti-GPI cutoff EDF value >20, those mice with no or minimal titers had delayed arthritis compared to WT mice, while those animals that had significant levels of antibodies had arthritis equivalent to that of the WT mice. Eventually, even the mice that never produced anti-GPI antibodies detectable above background also showed severe clinical arthritis. Even the antibody positive TRAF1 KO mice always had anti-GPI antibody titers much lower than those of the WT KRN/I-A g7 mice. The isotype of these responding TRAF1 KO mice was largely IgG1, as it was in the WT mice, and as has been reported by others [27] (data not shown).
It is possible that the antibody made a modest contribution to the arthritis and the delayed disease onset in those TRAF1KO that apparently failed to make antibody was a consequence of this absence. Accordingly, this interpretation would imply that the non-antibody part of the response was not at all affected by TRAF1KO. On the other hand, since the antibody titers were relatively low even in the responder TRAF1KO mice (Fig. 3c) , the situation may be more complicated.
In any case, it appears that much if not most of the clinical arthritis we observed could occur in the apparent complete absence of serum antibody in some mice. In many other KRN/I-A g7 F1 mice, including some of the TRAF1 wild type, severe clinical arthritis appeared weeks before autoantibody was detectable (data not shown). In individual KRN/I-A g7 F1 mice, we saw no overall correlation between anti-GPI levels and clinical arthritis, in either the TRAF1KO or TRAF1 WT mice. The persistence of autoantibodies in the intact genetic model may be more critical than peak levels. Unfortunately, this is very difficult to test in a transfer model, as it would require impractical amounts of KRN serum. We have not directly tested the effectiveness of the anti-GPI autoantibodies produced in TRAF1-deficient KRN/I-A g7 F1 mice to transfer arthritis to either TRAF1KO or TRAF1 WT recipients, although they were largely of the isotype (IgG1) that is reported to be most arthritogenic.
We did not detect differences in the serum transfer model, either in clinical symptoms or levels of anti-GPI antibodies, between WT and TRAF1 KO recipients. TRAF1 deficiency did not affect anti-GPI autoantibody catabolism. The serum levels of anti-GPI at day 4 were about 50 % of those seen in sera for 10-week-old KRN/I-A g7 mice; and clearly significantly higher than WT mice. Whether there are levels or isotypes of anti-GPI antibodies that are undetectable in our anti-GPI assays and yet still pathogenic in vivo is a matter of speculation.
Korganow et al. have previous demonstrated the requirement for B cells in the KRN model, and these B cells cannot have a repertoire restricted to a single specificity by a homozygous Ig transgene [17] . They demonstrated a role of B cells in activating GPI specific T cells, but concluded that the main pathological mechanism in the model ultimately required the production of GPI specific antibodies through the participation of the activated T cells. Jacobs later demonstrated that this antibody-centric view may not fully capture the role of T cells in the K/BxN arthritis model, as T cells can augment antibody-induced arthritis independently of their influence on antibody production [28] . The autoreactive T cells can promote arthritis through both the generation of arthritogenic autoantibodies and an IL-17-mediated effector response that amplifies inflammation. Recently, gut-residing segmented filamentous bacteria have been shown to affect kinetics of K/BxN arthritis by inducing Th17 cells in the lamina propria [29] . Our current data further support the potential importance of antibodyindependent mechanisms in the severe spontaneous arthritis in the KRN/I-A g7 hybrid mice. We do not know why TRAF1 deficiency has such a profound effect on production of anti-GPI antibodies in this model, but not on other T dependent responses. Nevertheless, the strong dissociation of this effect on anti-GPI antibody production and the development of severe arthritis are striking.
The implications for RA are not clear at this time. It is likely that the role of TRAF1 in RA may be more complicated. In addition, as the spontaneous arthritis model in KRN mice may be much less antibody dependent than previously believed, the likely pathogenic autoantibodies in RA (anti-CCP [30] ) may be but one of several specific effector mechanisms.
Conclusion
The pathogenesis of spontaneous KRN/I-A g7 arthritis can largely proceed by TRAF1-independent pathways. The production of anti-GPI autoantibody, but not other serological responses, was markedly impaired by TRAF1 deficiency. The spontaneous arthritis model in KRN mice appears to be much less antibody dependent than previously believed.
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